Because of this, novel combinations of testosterone and progestins, which synergistically suppress gonadotropins, have been studied. Two recently published testosterone/progestin trials are particularly noteworthy. In the first, a long-acting injectable testosterone ester, testosterone decanoate, was combined with etonogestrel implants and resulted in 80-90% of subjects achieving a fewer than 1 million sperm per milliliter. In the second, a daily testosterone gel was combined with 3-monthly injections of depot medroxyprogesterone acetate producing similar results. Summary Testosterone-based hormone combinations are able to reversibly suppress human spermatogenesis; however, a uniformly effective regimen has remained elusive. Nevertheless, improvements, such as the use of injectable testosterone undecanoate, may lead to a safe, reversible and effective male contraceptive.
Introduction
As both of the existing methods of male contraception, condoms and vasectomy, have shortcomings, efforts are underway to develop a hormonal contraceptive for men analogous to the estrogen/progesterone pill used by women. A male hormonal contraceptive has the potential to be safe, effective and reversible. In surveys, a majority of men in most countries indicate a willingness to use such a male hormonal contraceptive [1, 2] , and a large majority of women in stable relationships are willing to rely on their male partner to use such a method were it available [3] .
Male hormonal contraceptives all involve the administration of some form of testosterone, which functions as a contraceptive by suppressing secretion of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the pituitary. The suppression of LH and FSH deprives the testes of the stimulatory signals required for spermatogenesis, leading to markedly decreased sperm counts and infertility in most, but not all, men ( Fig. 1) . Importantly, suppression of spermatogenesis by exogenous hormones appears to be uniformly reversible after a few months [4] . Unfortunately, however, the administration of testosterone alone fails to completely suppress the sperm production in a minority of men. Therefore, recent research has studied combinations of testosterone and progestins, which synergistically suppress LH and FSH, to optimize the suppression of spermatogenesis and contraceptive efficacy.
In normal men, sperm concentrations exceed 20 million sperm per milliliter of ejaculate. The absence of sperm in the ejaculate, a condition called azoospermia, makes fertilization impossible. Therefore, the universal induction of azoospermia in all men undergoing treatment is the ultimate goal of male hormonal contraceptive development. A sperm concentration below 1 million sperm per milliliter of ejaculate, or severe oligospermia, is associated with a risk of pregnancy of approximately 1% per year [5] , and is considered a reasonable goal of male contraceptive development [6] , as this would confer an efficacy similar to that of female hormonal contraceptives [7] .
Purpose of review
Testosterone functions as a contraceptive by suppressing the secretion of luteinizing hormone and follicle-stimulating hormone from the pituitary. Low concentrations of these hormones deprive the testes of the signals required for spermatogenesis and results in markedly decreased sperm concentrations and effective contraception in a majority of men. Male hormonal contraception is well tolerated and acceptable to most men. Unfortunately, testosterone-alone regimens fail to completely suppress spermatogenesis in all men, meaning that in some the potential for fertility remains.
As male hormonal contraceptives inhibit sperm production, an elapse of 2-3 months until the sperm concentration in most men is suppressed is required to cause severe oligozoospermia [8] , which is similar to the amount of time required before a vasectomy is fully effective. In addition, there are ethnic differences in the response to testosterone-only male hormonal contraceptive regimens. In particular, men in Asia exhibit rates of azoospermia in the 90-100% range on testosterone-alone regimens, whereas men in Europe, North America and Australia have been found to exhibit rates of azoospermia closer to 60% on very similar regimens [5, 9] . Although there is no clear explanation for this ethnic difference, it is important when one compares study results between populations.
Testosterone enanthate
In the late 1980s and early 1990s, the World Health Organization (WHO) conducted two large, multicenter trials of testosterone enanthate as a male contraceptive. The first study enrolled 271 subjects who were administered 200 mg testosterone enanthate by intramuscular injection weekly for 6 months [9] . Sixty percent of the men in this study became azoospermic, and an additional 30% became severely oligospermic. The fertility of 119 of the azoospermic men was then tested in a 12-month efficacy phase. In these couples, only one pregnancy occurred despite the cessation of other forms of birth control, corresponding to a rate of 0.8 pregnancies per 100 person-years.
The second study, also sponsored by the WHO, examined the fertility of men who became either azoospermic or oligozoospermic (variably defined in this study as having less than 3-5 million sperms per milliliter of ejaculate) with injections of 200 mg of testosterone enanthate weekly [5] . A total of 399 mostly Asian men were enrolled in this study. Of these, all but eight (2%) became oligozoospermic or azoospermic. In terms of fertility, there were no pregnancies fathered by men who became azoospermic, and fertility was reduced to 8.1 pregnancies per 100 personyears in the men who suppressed their sperm concentrations to less than 3 million sperm per milliliter of ejaculate. Therefore, the overall failure rate (including the eight men who failed to suppress their fertility) was 3.4%, for an overall contraceptive efficacy of 96.6% ( Table 1 ). All subjects had normal return of sperm production after the testosterone injections were discontinued. These two seminal studies demonstrated that testosterone is a safe, reversible and highly effective contraceptive in a majority of men. Nevertheless, they also demonstrate that pregnancy is possible even at very low sperm concentrations achieved in this study, and reinforces the desirability of azoospermia as the ultimate goal of male hormonal contraceptive development.
Side effects in these studies included a 10-20% decrease in serum high-density lipoprotein (HDL)-cholesterol, acne and a reversible reduction in testicular volume [10, 11] . Importantly, there was no evidence that exogen- ous testosterone administration increased the risk of blood clots, the most serious side effect observed with female contraceptives. Indeed, in-vitro clotting studies imply that testosterone administration may exhibit an antithrombotic effect, which might have the potential to reduce the risk of heart attack and stroke [12] . Importantly, cognitive function, well-being, quality of life and sexual function on these regimens were maintained [13, 14] . In terms of acceptability, the regimen was found to be better than expected by a majority of subjects [15] ; however, the necessity of the weekly intramuscular injections was a deterrent, with 12% of the subjects discontinuing participation mainly because of their dislike of weekly intramuscular injections. As a result, recent research in male hormonal contraception has focused on the forms of testosterone that can be administered less frequently, such as the long-acting testosterone esters, testosterone decanoate and testosterone undecanoate, testosterone pellets, which can be implanted subdermally every 4-6 months, and the transdermal testosterone gel, which obviates the need for injections or implants entirely.
Testosterone decanoate
Testosterone decanoate can be administered by intramuscular injection every 4-6 weeks for the treatment of male hypogonadism, meaning that it can be dosed less frequently in trials of experimental male contraceptives. In one such recent trial, injections of testosterone decanoate were administered every 4-6 weeks in combination with oral etonogestrel (300 mg daily) [16] . Of 112 subjects, 111 suppressed their sperm concentrations to less than 1 million sperm per milliliter of ejaculate. Sperm suppression was more rapid in the group receiving injections every 4 weeks, and side effects were minor. These results were promising enough for the pharmaceutical company that manufactures testosterone decanoate to sponsor a followup study of testosterone decanoate combined with the etonogestrel implant, which they also manufacture. This trial demonstrated rates of azoospermia in the 80-90% range, with overall high acceptability and a low incidence of side effects [17] . Sadly, the company opted not to develop this promising combination further for unclear reasons.
Testosterone undecanoate
Testosterone undecanoate is another form of injectable testosterone with a half-life that is even longer than that of testosterone decanoate, allowing for injection intervals of up to 12 weeks in the treatment of hypogonadism [18, 19] . For contraception, monthly administration of injections of 500 mg was studied in 308 Chinese men, 299 of whom reported suppression of sperm concentrations to below 3 million sperm per milliliter [20] . Two hundred and ninety six of these men went on to use the testosterone undecanoate injections as a sole means of contraception for 1 year. In these couples, only one pregnancy occurred. In addition, there were six individuals whose sperm concentrations rebounded to above 3 million sperm per milliliter and therefore discontinued participation, for an overall contraceptive efficacy of 97% (Table 1) . More recently, an even larger study of testosterone undecanoate was conducted in China, involving 1000 couples; however, the results from this study have yet to be published.
Testosterone undecanoate has also been combined with the long-acting injectable progestin, norethisterone enanthate, which potently suppresses gonadotropins for 1-2 months [21] . In one study of testosterone undecanoate (1000 mg intramuscularly every 6 weeks) and norethisterone enanthate (200 mg every 6 weeks) 13 of 14 men achieved azoospermia after 32 weeks of treatment, with HDL suppression and mild weight gain in line with the results of prior studies of progestin/testosterone combinations [22] . More recently, this combination was tested at injection intervals of 8 and 12 weeks with 90% of subjects achieving azoospermia at the 8-week interval, but only 38% achieving azoospermia when the testosterone undecanoate was administered every 12 weeks [23] . In a followup to these promising trial results, the WHO is planning a large, multinational trial of this combination at 8-week intervals.
In China, testosterone undecanoate has been combined with both levonorgestrel implants [24] and injectable medroxyprogesterone acetate [25] in small-scale trials. Both of these studies demonstrated high rates of azoospermia and are attractive candidates for larger efficacy studies in Chinese men. Lastly, a follow-up trial of testosterone undecanoate combined with the etonogestrel implant involving more than 350 subjects at several European centers was recently completed; however, the final results of this study have not yet been published.
Testosterone pellets
Implantable testosterone pellets are used to treat male hypogonadism in many countries and have been combined with etonogestrel implants in two contraceptive studies examining suppression of spermatogenesis [26, 27] . The overall rate of azoospermia in these studies was 85% (83/98 men). Importantly, there were no significant reductions in HDL-cholesterol with this combination, implying that the pellets/implant combination may be a safer route for the long-term administration of these hormones for contraceptive purposes.
Testosterone pellets have also been combined with injectable medroxyprogesterone acetate in a recent, notable male contraceptive study. This study combined testosterone pellets implanted subdermally every 4-6 months with medroxyprogesterone acetate administered by intramuscular injection every 3 months [28] . In this study, 53 of 55 men achieved sperm counts of less than 1 million sperm per milliliter and entered a 12-month contraceptive efficacy phase, in which no pregnancies were observed (Table 1) . This important study is the first testosterone/progestin efficacy study and confirms that the high rate of pregnancy prevention observed in the original testosterone-only studies extends to androgen/progestogen combinations.
Transdermal testosterone
Testosterone patches are a successful approach to the treatment of male hypogonadism, but they do not appear to be an effective method of androgen administration for male contraception, probably because the lower peak serum levels of testosterone are unable to effectively suppress gonadotropin secretion from the pituitary. In addition, skin reactions to the patch are a problem. For example, in one study combining testosterone patches with the progestin desogestrel, 24% of participants withdrew from the study because of skin irritation caused by the patches [29] .
Recently, testosterone gels have been marketed for the treatment of hypogonadism. These gels achieve higher serum testosterone concentrations and are less irritating to the skin than the patches [30] . Testosterone gel has been recently employed as the androgen in a contraceptive trial in combination with injectable medroxyprogesterone acetate with good suppression of spermatogenesis [31] . Importantly, the gel appears to be acceptable to a majority of men enrolled in the study [32] , who would be interested in using this form of contraception were it available. In the future, testosterone gel, or a more concentrated testosterone cream currently in phase III clinical trials, could be combined with a progestin gel or cream as a transdermal approach to male contraception.
Why doesn't hormonal contraception work for all men?
The major mystery in the field of male contraceptive research is why some men fail to suppress their sperm concentrations to zero despite the suppression of gonadotropins to extremely low levels. As there are few significant differences in the gonadotropin levels during treatment among men who suppress to azoospermia and those who do not, the degree of gonadotropin suppression itself is unlikely to be the answer [33] [34] [35] [36] . Alternative explanations include the hypothesis that nonazoospermic men might have greater 5a-reductase activity in their testes [37] . Such a difference would result in higher intratesticular dihydrotestosterone (DHT) concentrations, which could then maintain spermatogenesis. In support of this theory, intratesticular DHT is relatively preserved in men on a male hormonal contraceptive regimen [38] .
Nevertheless, two studies have demonstrated that the addition of the 5a-reductase inhibitor finasteride did not enhance suppression of spermatogenesis beyond that achieved by testosterone-alone or testosterone plus desogestrel regimens, as would be expected if intratesticular DHT were the cause of persistent sperm production [39, 40] . Moreover, the role of residual androgens in the maintenance of spermatogenesis is unclear, since neither intratesticular testosterone nor intratesticular DHT appears to correlate with spermatogenesis after 24 weeks of treatment with testosterone gel and medroxyprogesterone acetate [41] .
Genetic differences between men who suppress to azoospermia and those who do not have also been examined, but these studies have failed to provide a clear explanation for the observed differences. For example, in one study, neither the number of CAG repeats in the androgen receptor nor polymorphisms in the CYP3A4 gene appeared to influence individual responses to hormonal suppression of spermatogenesis in men [42] . On the contrary, a second study found that a CAG repeat number of greater than 22 was associated with an increased chance of azoospermia in the setting of incompletely suppressed gonadotropins [43] . These differing conclusions may be related to study design, as one study examined subjects in a single study using a testosterone-only regimen, whereas the other pooled a variety of studies using mainly combination regimens with higher overall suppression rates.
Another possible explanation for differences in the spermatogenic suppression could be the differential production of the peptide hormone insulin-like factor 3 (INSL3), which has been shown to promote germ cell survival in the setting of low gonadotropins [44] . In a recent retrospective analysis of three contraceptive trials, serum concentrations of INSL3 were shown to be higher in men with persistent spermatogenesis compared to men who completely suppressed their sperm production [45] ; however, this preliminary observation requires prospective confirmation. Alternatively, INSL3 could merely be a marker of incomplete gonadotropin suppression. If INSL3 does prove to play a role in maintaining spermatogenesis in the low gonadotropin environment of a male hormonal contraceptive regimen, the addition of an INSL3 antagonist to a hormonal regimen has the potential to improve rates of sperm suppression in hormonal contraceptive trials.
Conclusion
Research has demonstrated the feasibility of the hormonal approach to male contraception. Androgen-based combinations are able to reversibly suppress human spermatogenesis without severe side effects in most men; however, a uniformly effective regimen has remained elusive. Current research is focused on both improving the method of hormone administration and finding combinations that optimize sperm suppression while minimizing side effects. Hopefully, upcoming trials of testosterone undecanoate combined with norethisterone enanthate or testosterone/progestin gel combinations will result in efficacy and acceptability that is good enough to consider for phase III testing and regulatory approval, finally bringing the promise of male hormonal contraception to fruition.
